Introduction
Some biodegradable polymers have been applied as biomedical materials for tissue repair and drug delivery, such as polylactide, poly(d,l-lactide-co-glycolide) (PLGA), polycaprolactone, and monomethoxy poly(ethylene glycol)-poly(d,llactide-co-glycolide) (mPEG-PLGA). [1] [2] [3] [4] Recently, an amphiphilic block copolymer of monomethoxy (polyethylene glycol)-poly(d,l-lactide-co-glycolide)-poly(l-lysine) (mPEG-PLGA-b-PLL) was synthesized, 5, 6 and the studies indicated that mPEG-PLGA-b-PLL with good biocompatibility and degradability would be a promising and effective carrier for the delivery of drugs and genes. 7, 8 In the past few years, the applications of mesoporous bioglasses (MBGs) for bone tissue regeneration have been proposed, because their large surface area and high pore volume may enhance their bioactivity and promote new bone formation. 9, 10 The large surface area and high pore volume of MBG result in higher surface chemical reactivity compared with normal bioglasses (BGs) without mesopores. 11, 12 Lithium (Li) has been widely used as a long-term mood stabilizer in the treatment of bipolar and depressive disorders for 50 years. 13 Li+ ions can stimulate the osteogenic differentiation of bone mesenchymal stem cells (BMSCs) through activation of the canonical Wnt signaling pathway in vitro. 14 Previous studies suggested that Li+ ions can protect cartilage
Preparation of mPeg-Plga-b-Pll block copolymer
The mPEG-PLGA-PLL copolymer (Mn =26,000) was synthesized 19 according to the following steps: 1) synthesis of the hydroxyl-terminated mPEG-PLGA through ring-opening polymerization of d,l-lactide and glycolide, which was initiated by mPEG and catalyzed by Sn(OCt) 2 ; 2) synthesis of Boc-l-Phe end-capped mPEG-PLGA through the hydroxyl end group of the mPEG-PLGA copolymer converted to Boc-l-Phe; 3) synthesis of amino-terminated mPEG-PLGA through the removal of the t-butoxycarbonyl end group from the Boc-l-Phe end-capped mPEG-PLGA; 4) synthesis of mPEG-PLGA-poly(Nε-(Z)-l-lysine) through ring-opening polymerization of the initiated N-carboxyanhydrides by the amino-terminated mPEG-PLGA; and 5) synthesis of amino-terminated mPEG-PLGA-PLL through the removal of the Nε-(carbonylbenzoxy) end group of the mPEG-PLGA-poly(Nε-(Z)-l-lysine) block copolymer. 7, 8 Preparation of l-MBPc scaffolds l-MBPC scaffolds with Li-MBG content of 35 wt% were prepared by solvent casting and particulate leaching method. The mPEG-PLGA-b-PLL was added into the solvent (chloroform), followed by continuous stirring to disperse uniformly. The Li-MBG powders and sodium chloride particulates (used as the porogens), with the size of around 400 μm, were added into the copolymer solution and stirred for 1 hour. The mixture was then cast into the molds (Φ10×2 mm and Φ6×6 mm). The obtained samples were dried at 50°C for over 24 hours to remove the solvent. Then, the samples were soaked into water for 48 hours to leach out the particulates, and then, the samples were dried at 50°C for 24 hours to obtain l-MBPC scaffolds. The Li-containing bioglass/mPEG-PLGA-b-PLL composite (l-BPC) scaffolds (as a control) with BG content of 35 wt% were prepared by the same method.
Water absorption of l-MBPc scaffolds
Water absorption of l-MBPC scaffolds (l-BPC scaffolds used as controls) was evaluated by measuring the weight changes after the samples were soaked into water for different time points. The samples (Φ10×2 mm) were weighed and then immersed into water for 1 hour, 2 hours, 3 hours, 6 hours, 12 hours, and 24 hours. At the predetermined time points, the specimens were removed from water and the weights of the samples were measured. The water absorption ratio of the samples was determined by the following equation:
where W i is the initial weight and W n is the weight of the samples at time n.
Degradation of l-MBPc scaffolds
The degradation of l-MBPC scaffolds (l-BPC scaffolds used as controls) was evaluated by measuring the weight loss ratio of the samples soaked in phosphate-buffered saline (PBS). The samples (Φ10×2 mm) were weighed and then immersed into PBS using a shaking water bath at 37°C for 1 week, 2 weeks, 4 weeks, 6 weeks, 8 weeks, 10 weeks, and 12 weeks. At different time points, the specimens were washed thoroughly with deionized water, followed by drying at 50°C for 24 hours. The weight loss ratio of the samples was determined by the following equation:
where W i is the initial weight and W t is the weight of samples soaking for time t.
Bioactivity of l-MBPc scaffolds
The bioactivity of l-MBPC scaffolds (l-BPC scaffolds used as controls) was determined by observing apatite formation on the specimen surfaces after soaking in simulated body fluid (SBF) at 37°C for different time points. The samples (Φ10×2 mm) were placed in the bottles filled with 80 mL SBF using a shaking water bath at 37°C. At 1 day, 2 days, 3 days, 5 days, and 7 days, the specimens were washed with deionized water, followed by drying at 37°C for 24 hours. The surface morphology and composition of the samples were characterized by scanning electron microscope (SEM; S-3400N; Hitachi Ltd., Tokyo, Japan) and energy-dispersive X-ray spectroscopy (EDS; Falcon, New York, USA), respectively. The changes in the ion concentrations (Si, Ca, and P ions) in SBF after soaking the samples at different time points were determined by inductively coupled plasma atomic emission spectroscopy (IRIS 1000; Thermo Elemental, Massachusetts, USA).
cell culture 
cell attachment
The MC3T3-E1 cells (2×10 5 cells/50 mL) were seeded on the specimens (Φ10×2 mm) located into 24-well TCPs, and the TCP was used as a control. The cell samples were maintained at 37°C under 5% CO 2 condition for 4 hours, and then, the culture medium was removed. Then, the residual cultured medium and unattached cells were removed by washing with PBS three times. After the attached cells on the samples were digested by trypsin, the adherent cells were counted with a hemacytometer, and the cell attachment efficiency was determined by counting the number of cells remaining in the wells.
cell proliferation and morphology MC3T3-E1 cells (2×10 5 cells/50 mL) were seeded on the specimens in 24-well plates, and the cell proliferation was determined using a Cell Counting Kit-8 at 1 day, 4 days, and 7 days. At the specific time point, the specimens were gently rinsed three times with PBS. Standard culture media with and without cells were used as positive control and blank control for cell viability, respectively. All samples were tested in triplicate, and the results were expressed in mean absorbance values (OD), which were obtained from a microplate reader (Synergy HT; Bio-Tek, Vermont, USA) at 450 nm.
The cell morphology of MC3T3-E1 cells was examined by visualizing the filamentous actin of the cytoskeleton using a confocal laser scanning microscopy (Leica TCS SP2; Leica Microsystems, Wetzlar, Germany). The samples were then put into 24 wells, and the cells were seeded on the samples at a density of 2.0×10 4 cells/well. After incubation for 4 days, the specimens were washed gently with PBS to remove the unattached cells. According to the protocol, the cells on specimens were fixed with 2.5% glutaraldehyde for 15 minutes at the room temperature and permeabilized with 0.1% Triton X-100 in PBS for another 15 minutes. After washing three times with PBS, the cells were stained with 4′,6-diamidino-2-phenylindole (Sigma-Aldrich Co.) and fluorescein isothiocyanate (Sigma-Aldrich Co.).
alkaline phosphatase activity

MC3T3-E1 cells (2×10
4 cells/50 mL) were seeded on the specimens, which were placed in 24-well plates, and then cultured at 37°C and 100% humidity atmosphere with 5% CO 2 . The alkaline phosphatase (ALP) activity of the cells was measured with the ALP assay in osteogenic medium at 7 days and 10 days. At the specific time point, the cell lysates were obtained by adding 1 mL of 0.2% Nonidet P-40 solution to each well at room temperature for 1 hour. Then, 50 μL of 1 mg/mL p-nitrophenylphosphate (Sigma-Aldrich Co.) substrate solution (pH =9), which contains 0.1 mol/L glycine and 0.5 mmol/L MgCl 2 in 1 M diethanolamine buffer, was submit your manuscript | www.dovepress.com Dovepress added to each well and incubated at 37°C for 15 minutes. The reaction was stopped by 100 μL of 0.1 M sodium hydroxide. Then, OD value was quantified with a microplate reader (SpectraMax 384; Molecular Devices LLC, Sunnyvale, CA, USA) at the wavelength of 405 nm. The ALP activity was expressed as OD value per total protein. The total protein content was determined using bicinchoninic acid protein assay kits and a series of bovine serum albumin standards. The ALP activity of cell lysates was normalized to the total protein content of each lysate.
Implantation in vivo animal surgical procedures
This study was approved by the Research Center for Laboratory Animal of Shanghai University of Traditional Chinese Medicine. The New Zealand White rabbits with an average weight of 2 kg and age of 5 months were used. The 18 rabbits were randomly divided into three groups and anesthetized by intramuscular injection of Zoletil 50 (25 mg/kg body weight) and 2% Rompon (0.15 mL/kg body weight), and the surgery was carried out under sterile condition. Lateral and medial approaches were performed in left shaved knees to expose the distal femoral epiphysis, and the defects were created with a medium speed burr. After the defects were washed with physiological saline, the specimens (Φ6×6 mm) were implanted. The wounds of the rabbits were sutured, and prophylactic antibiotic was given continuously for 3 days.
histological elevation
The rabbits were sacrificed successively by an overdose of pentobarbital at the time points of 1 month, 2 months, and 3 months to obtain animal experimental samples. After fixation with 4% neutral buffered formalin for 48 hours, the animal experimental samples (extracted femora) were decalcified in 12.5% EDTA, dehydrated in a graded series of alcohol, and embedded in paraffin. Serial cross-sections with 5 mm thickness were made using a microtome. After hematoxylin and eosin (H&E) staining, each section was observed under light microscope, and at least five images were randomly obtained in the same section. Using image analytical software Image-Pro Plus (Media Cybernetics, Florida, USA), new bone area was expressed as the percentage of newly formed bone area within the bone defect area.
statistical analysis
All data were analyzed with Origin 8.0 (OriginLab Corporation, Northampton, USA) and expressed as the mean ± standard deviation (M ± SD). Statistical comparisons were carried out using one-way analysis of variance with post hoc test. Figure 1 shows the transmission electron microscope images of the morphology and the microstructure of Li-MBG. It is found that Li-MBG had highly ordered mesoporous channel and uniform pore size of about 5 nm. Figure 2 presents the SEM images of the surface morphology of l-MBPC and l-BPC scaffolds. It is found that no obvious difference was found for both l-MBPC and l-BPC scaffolds. In high magnification of the images, some BG particles were found on the surface of l-BPC scaffolds, while no obvious Li-MBG particles were found on l-MBPC scaffolds.
Results
characterization of li-MBg and composite scaffolds
Water absorption of l-MBPc scaffolds Figure 3 shows the water absorption of l-MBPC and l-BPC scaffolds after immersing into water for 1 hour, 2 hours, 3 hours, 6 hours, 12 hours, and 24 hours. It is found that the water absorption ratio of both the l-MBPC and l-BPC scaffolds increased with time, and the water absorption ratio of l-MBPC scaffolds was 235%, while that of l-BPC scaffolds was 172% after immersing into water for 24 hours. The results revealed that the water absorption ratio of l-MBPC scaffolds was obviously higher than that of l-BPC scaffolds. Figure 4 shows the weight loss ratio of l-MBPC and l-BPC scaffolds after soaking into PBS. It is found that the weight loss of both the samples increased with time, and the weight loss of l-MBPC scaffolds was approximately 67 wt% after immersing in PBS for 12 weeks, which was significantly higher than that of l-BPC scaffolds, which was 48 wt%. Figure 5 shows the SEM images of the surface morphology of l-MBPC and l-BPC scaffolds after soaking in SBF for 7 days.
Degradation of l-MBPc scaffolds
Bioactivity of l-MBPc scaffolds
It is found that both l-MBPC and l-BPC scaffold surfaces were covered by many spherical-shaped apatites, indicating that both l-MBPC and l-BPC scaffolds could induce apatite formation on their surfaces. For l-MBPC scaffolds, numerous agglomerates of elongated particles appeared, while the precipitation on l-BPC scaffolds was less evident than that on l-MBPC submit your manuscript | www.dovepress.com Dovepress scaffolds, revealing that l-MBPC scaffolds could induce more apatite formation on their surface than l-BPC scaffolds. Figure 6 shows the EDS of the surfaces of l-MBPC and l-BPC scaffolds after soaking into SBF for 7 days. It is found that both Ca and P peaks were detected, and the Ca/P mole ratios of l-MBPC and l-BPC scaffolds were 1.61 and 1.53, respectively. The results indicated that the Ca/P ratio of the formed apatite on l-MBPC was higher than that on l-BPC scaffolds. The EDS results were consistent with SEM. Figure 7 shows the changes in ion concentration of Si, Ca, and P in solution with time after l-MBPC and l-BPC scaffolds were soaked into SBF. It is found that the Si ion concentrations in SBF for l-MBPC continued to increase for both the scaffolds at a slower rate up to 7 days. In addition, the Ca ion concentrations in SBF for l-MBPC scaffolds exhibited faster increase than l-BPC scaffolds within the first 3 days, and then, decreased gradually up to 7 days. The P ion concentrations in SBF for both l-MBPC and l-BPC scaffolds showed slow decrease from 1 day to 7 days. More importantly, the decrease in Ca and P ion concentrations for l-MBPC was obviously faster than l-BPC scaffolds.
In vitro cytocompatibility cell attachment
The results of cell attachment efficiency are profiled in Figure 8 . After cultured for 4 hours, it is found that the cell attachment percentage on l-MBPC (138%) scaffolds was significantly higher than that on l-BPC scaffolds (113%) and TCP (100%). The results suggested that l-MBPC scaffolds containing Li-MBG facilitated cell adhesion.
cell proliferation and cell morphology found that the OD values for both l-MBPC and l-BPC scaffolds increased with time, indicating good cytocompatibility. At 1 day and 4 days, there was no obvious difference of OD value for both l-MBPC and l-BPC scaffolds. However, the OD value for l-MBPC scaffolds was significantly higher than l-BPC scaffolds at 7 days. The results indicated that l-MBPC scaffolds significantly promoted the MC3T3-E1 cell proliferation than l-BPC scaffolds. Figure 10 shows the cytoskeletal morphology of the MC3T3-E1 cells cultured on both l-MBPC and l-BPC scaffolds. It is found that the MC3T3-E1 cells grew into both l-MBPC and l-BPC scaffolds, and the number of cells in l-MBPC scaffolds was significantly higher than that in l-BPC scaffolds at 4 days. The results indicated that l-MBPC scaffolds obviously enhanced MC3T3-E1 cells viability as compared with l-BPC scaffolds.
alP activity Figure 11 shows the ALP activity of MC3T3-E1 cells cultivated on both l-MBPC and l-BPC scaffolds at 7 days and 10 days. It is found that the ALP activity was expressed at low levels at 7 days, and no significant differences were detected for both l-MBPC and l-BPC scaffolds. However, the ALP activity of the cells on l-MBPC scaffolds was significantly higher than that on l-BPC scaffolds at 10 days. The results revealed that l-MBPC scaffolds could promote cell differentiation as compared with l-BPC scaffolds.
histological elevation after scaffolds implanted in vivo Figure 12 shows the photos of histological sections (H&E staining) for the l-MBPC and l-BPC scaffolds implantation in vivo for 1 month, 2 months, and 3 months, respectively. 
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At 1 month, a few new bone tissues were found to grow into l-MBPC and l-BPC scaffolds. At 2 months, new bone tissue gradually increased, while the materials reduced accordingly for both l-MBPC and l-BPC scaffolds. In addition, the new bone tissue formation in l-MBPC scaffolds was significantly higher than that in l-BPC scaffolds. At 3 months, a large number of new bone tissues formed, and bone marrow was found in l-MBPC scaffolds, which was surrounded by new bone tissues composed of the mature bone tissues. Meanwhile, some new bone tissues formed but no mature bone tissue was found in l-BPC scaffolds. Obviously, new bone tissues in l-BPC scaffolds were significantly less than those in l-MBPC scaffolds. Figure 13 shows the quantitative analysis of the new bone area by histological sections. The results showed that the new bone area gradually increased with time for both l-MBPC and l-BPC scaffolds, and the new bone area for l-MBPC scaffolds was markedly higher than that for l-BPC scaffolds at both 2 months and 3 months.
Discussions
MBG had superior bone-forming activities, but it is difficult to use MBG as scaffolds for bone tissue repair because of its low mechanical properties and brittleness. 20 Biocomposites containing BG and polymers have attracted increasing attention as promising biomaterials for bone tissue regeneration. 21, 22 In this study, Li-MBG was incorporated into copolymer of mPEG-PLGA-b-PLL to form biocomposite scaffolds by solvent casting and particulate leaching method.
Generally, the degradation rate of the scaffolds should correlate with the growth of new bone tissue and gradually replaced by the new bone tissue in vivo. 23 In this study, it was found that the weight loss ratio of l-MBPC scaffolds was 67 wt% after immersing into PBS for 12 weeks, which was significantly higher than that of l-BPC scaffolds, which was 48 wt%. The results showed that the degradation rate of l-MBPC scaffolds was faster than that of l-BPC scaffolds, indicating that addition of Li-MBG into mPEG-PLGA-b-PLL obviously improved the degradability of the composite scaffolds. It could be suggested that Li-MBG with large surface area and high pore volume leads to more water being absorbed into the composite scaffolds, which resulted in an increased degradation of l-MBPC scaffolds as compared with l-BPC scaffolds. The in vitro bioactivity of the biomaterials can be determined by testing the apatite formation on their surfaces in SBF, which could predict the in vivo bone bioactivity of the biomaterials. 24 In this study, both l-MBPC and l-BPC scaffolds could induce apatite formation on their surface, and the ability of apatite formation on l-MBPC scaffolds was faster than that on l-BPC scaffolds after soaking into SBF for 7 days, indicating that incorporation of Li-MBG into mPEG-PLGA-b-PLL significantly enhanced the apatiteformation ability of l-MBPC scaffolds as compared with l-BPC scaffolds. The results suggested that Li-MBG with large specific surface area and high pore volume in l-MBPC scaffolds might greatly accelerate the deposition of apatite, and therefore, enhance the bioactivity of l-MBPC scaffolds as compared with l-BPC scaffolds containing Li-BG.
The dissolution of BG from both l-MBPC and l-BPC scaffolds initially increased the local Si, Ca, and P ion concentrations, which resulted in apatite precipitation. The apatite formed on both l-MBPC and l-BPC scaffold surfaces, which subsequently caused the decrease in the Ca and P ion concentrations of SBF. According to the mechanism of apatite formation on BG, 25, 26 it can be drawn that the processes of apatite precipitation on l-MBPC scaffolds largely depended on the ion deposition rate and dissolution velocity on the specimen surfaces. Furthermore, Li-MBG with large surface area and high pore volume lead to a faster release rate of Si, Ca, and P ions from l-MBPC than l-BPC scaffolds, which might improve the apatite-formation ability of l-MBPC scaffolds as compared with l-BPC scaffolds.
Cell attachment and proliferation are obviously influenced by the surface characteristics of the biomaterials, such as surface morphology and surface chemistry. 26 In this study, the adhesion of MC3T3-E1 cells on l-MBPC scaffolds was significantly higher than that on l-BPC scaffolds, and the proliferation of MC3T3-E1 cells on l-MBPC and l-BPC scaffolds increased with time, indicating good cytocompatibility. l-MBPC scaffolds are not highly degrading materials (the weight loss was 4 wt% at 1 week). Therefore, the degradation of l-MBPC scaffolds did not affect cell attachment and proliferation on its surface. Moreover, the proliferation of the cells on l-MBPC scaffolds was obviously higher than that on l-BPC scaffolds at 7 days. The results suggested that Li-MBG with large surface and high pore volume on l-MBPC scaffolds might provide more chances for the interaction between MC3T3-E1 cells and composite surfaces, and thus, enhanced cell adhesion and proliferation.
The cytoskeletal morphology of the MC3T3-E1 cells cultured on both l-MBPC and l-BPC scaffolds was visualized using a confocal laser scanning microscopy. It was found that the MC3T3-E1 cells could attach and grow into l-MBPC and l-BPC scaffolds. Moreover, the number of cells in l-MBPC scaffolds was significantly higher than that in l-BPC scaffolds at 4 days, suggesting that l-MBPC scaffolds containing Li-MBG obviously promoted cell adhesion and growth and proliferation as compared to l-BPC scaffolds containing Li-BG. The ALP of MC3T3-E1 cells on the biomaterials could reflect the influence of the material on cells ability to form new bone both in vitro and in vivo. 27 In this study, the ALP activity of the MC3T3-E1 cells on l-MBPC scaffolds was significantly higher than that on l-BPC scaffolds at 10 days, revealing that l-MBPC scaffolds containing Li-MBG obviously promoted cell differentiation as compared to l-BPC scaffolds containing Li-BG.
Some studies have shown that ionic products (Si and Ca) dissolution from bioglass could stimulate osteoblast proliferation. 28 A study reported that sol-gel BG had significant osteogenic effects by releasing a higher level of Si, and the stimulatory effects of increased extracellular calcium on osteoblast-like cells has also been demonstrated. 29 In this study, it was found that Si and Ca ions were released continuously from both l-MBPC and l-BPC scaffolds into SBF with time, and the release rate of Si and Ca ions from l-MBPC scaffolds was significantly faster than that from l-BPC scaffolds. In addition, the results showed that MC3T3-E1 cells proliferated and differentiated more quickly after being cultured on l-MBPC scaffolds than on l-BPC scaffolds. Therefore, it can be suggested that the continuous dissolution of the composite scaffolds produced a microenvironment with rich Si and Ca ions that might be responsible for stimulating cell responses, such as growth, proliferation, and differentiation, and a fast release of Si and Ca ions from l-MBPC scaffolds, which obviously promoted the cell responses as compared with l-BPC scaffolds.
Ideal biomaterials not only interact actively with cells but also stimulate tissue regeneration and repair bone defects. 30 The transition from newly formed bone to a mature one is a gradual process where there is a dynamic interaction between scaffolds and the invasion of bone cells/tissues. [31] [32] [33] In this study, it was found that new bone tissues gradually increased and the materials continued to reduce for both l-MBPC and l-BPC scaffolds after implanting at different time points. At 3 months, a large quantity of new bone tissues formed in l-MBPC scaffolds, which was significantly higher than in l-BPC scaffolds.
As compared with l-BPC scaffolds containing Li-BG, it is likely that Li-MBG with large surface area and high pore volume in l-MBPC scaffolds provided a suitable microenvironment for the interaction between cell/tissue and implants, and thus, enhanced cell/tissue growth into the scaffolds in vivo.
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Moreover, the fast release of Si and Ca ions from the dissolution of l-MBPC scaffolds produced a microenvironment, which might be responsible for stimulating cell growth/ new tissue formation in the scaffolds in vivo. Furthermore, Li-MBG with large surface area and high pore volume in l-MBPC scaffolds might promote degradation of scaffolds in vivo, which might enhance tissue regenerations. It can be suggested that l-MBPC scaffolds as the bioactive implants might have special biofunctions to stimulate tissue regeneration, which would be an excellent candidate for bone tissue engineering and orthopedic applications.
Conclusion
Bioactive scaffolds of l-MBPC were fabricated by the addition of Li-MBG into mPEG-PLGA-b-PLL copolymer. The results showed that incorporation of Li-MBG into mPEG-PLGA-b-PLL significantly improved water absorption and degradability of l-MBPC scaffolds as compared with l-BPC scaffolds. Moreover, l-MBPC scaffolds exhibited good bioactivity, and the apatite formation on their surfaces was markedly higher than that on l-BPC scaffolds. Cell culture and histological elevation results indicated that l-MBPC scaffolds not only improved cell functions (attachment, proliferation, and differentiation) but also promoted new bone tissue regeneration, which were obviously better than l-BPC scaffolds. The results suggested that the incorporation of Li-MBG into mPEG-PLGA-b-PLL was a useful approach to obtain biocomposite scaffolds with improved properties.
